The pointing direction of cone photoreceptors can be inferred from the Stiles-Crawford Effect of the First Kind (SCE-I) measurement. Healthy retinas have tightly packed cones with a SCE-I function peak either centered in the pupil or with a slight nasal bias. Various retinal pathologies can change the profile of the SCE-I function implying that the arrangement or the light capturing properties of the cone photoreceptors are affected. Measuring the SCE-I may reveal early signs of photoreceptor change before actual cell apoptosis occurs. In vivo retinal imaging with adaptive optics (AO) was used to measure the pointing direction of individual cones at eight retinal locations in four control human subjects. Retinal images were acquired by translating an aperture in the light delivery arm through 19 different locations across a subject's entrance pupil. Angular tuning properties of individual cones were calculated by fitting a Gaussian to the reflected intensity profile of each cone projected onto the pupil. Results were compared to those from an accepted psychophysical SCE-I measurement technique. The maximal difference in cone directionality of an ensemble of cones, q, between the major and minor axes of the Gaussian fit was 0.05 versus 0.29 mm À2 in one subject. All four subjects were found to have a mean nasal bias of 0.81 mm with a standard deviation of ±0.30 mm in the peak position at all retinal locations with mean q value decreasing by 23% with increasing retinal eccentricity. Results show that cones in the parafoveal region converge towards the center of the pupillary aperture, confirming the anterior pointing alignment hypothesis.
It is widely accepted that the human retina is directionally sensitive to incoming light, i.e., light entering the eye through the center of the pupil appears brighter to an observer than the same intensity light entering at the edge. This phenomenon is known as the Stiles-Crawford Effect of the First Kind (SCE-I) and was first discovered in 1933 (Stiles & Crawford, 1933) . The effect is also apparent for light reflected from the retina (Di Francia & Ronchi, 1952) and this is sometimes termed the optical SCE (OSCE). The waveguide properties of the cone photoreceptors are thought to be responsible for the directional dependence (Enoch, 1963; Westheimer, 1967 Westheimer, , 2008 , although other models have been proposed (Vohnsen, 2014) . Foveal cones were found to have a lower directionality to light than cones in adjacent retinal regions (Westheimer, 1967) .
It has been demonstrated that various eye conditions and diseases have an altered SCE-I function. In myopic eyes, a systematic nasal shift in the peak position of the SCE-I function in the nasal retina with an increase in myopia has been reported (Choi, Enoch, & Kono, 2004; Choi, Garner, & Enoch, 2003) . The alignment of cone photoreceptors in the nasal retina was tilted towards the optic nerve head due to the tractional forces associated with the axial elongation of the eye. Changes in the SCE-I function have also been found in a number of ocular diseases such as central serous choriodopathy (Smith, Pokorny, & Diddie, 1978) , retinitis pigmentosa (Birch, Sandberg, & Berson, 1982) , age related macular degeneration (Kanis, Wisse, Berendschot, van de Kraats, & van Norren, 2008 ) and a range of other retinal conditions (Bedell, Enoch, & Fitzgerald, 1981; Keunen, Smith, Pokorny, & Mets, 1991; Lakshminarayanan, Bailey, & Enoch, 1997; Lardenoye, Probst, DeLint, & Rothova, 2000; Smith, Pokorny, & Diddie, 1988) . Bresnick, Smith, and Pokorny (1981) showed changes in the SCE-I function in diabetic retinopathy, however no changes were observed in diabetes mellitus (Zagers, Pot, & van Norren, 2005) . It is well accepted that the SCE-I has its origin at the retina, hence measuring the SCE-I function in patients with retinal disease could potentially detect changes in the photoreceptors at a much earlier stage.
The SCE-I function was first measured psychophysically at various retinal locations to understand the arrangement of cones throughout the retina and their efficiency for capturing incoming light. Laties and Enoch performed extensive studies characterizing trans-retinal photoreceptor alignment using histological sections and determining the psychophysical implications for living human subjects . They proposed 3 hypotheses for the trans-retinal alignment of the cones: (1) anterior pointing, (2) center pointing and (3) parallel pointing. The anterior pointing hypothesis predicts that if the photoreceptors are pointing towards the center of the pupillary aperture of the eye, the peak of the SCE-I function should not change with a change in the retinal location. If the center pointing hypothesis holds (i.e., photoreceptors are pointing towards the center of rotation of the eye), the peak of the SCE-I function would become progressively displaced from the center of the pupil as the retinal location is moved away from the posterior pole of the eye. The third hypothesis, parallel pointing, assumes that all the photoreceptors are parallel to each other, which would mean the peak of the SCE-I function moves out of pupillary aperture after a certain eccentricity of retinal locations in a direction exactly opposite to that would be predicted for the center pointing hypothesis. It has been shown that the anterior pointing alignment hypothesis holds true for human eyes, although there was one reported case where a non-amblyopic eye had a center pointing trans-retinal alignment whereas the fellow amblyopic eye had normal anterior pointing alignment; the implication of this finding was inconclusive (Bedell & Enoch, 1980) and contrary evidence has been offered since it was first reported (Delint, Weissenbruch, Berendschot, & van Norren, 1998) . Although the SCE-I function in human eyes has been extensively studied through psychophysical measurements, it requires lengthy sessions and high level of concentration from the subjects, hence it is difficult to apply clinically (Applegate & Lakshminarayanan, 1993) .
Reflectometric techniques can be used to measure the OSCE and are faster, objective and subject-friendlier while producing similar estimations for the peak position of the SCE-I function as in psychophysical measurements. However, the magnitude of cone directionality, q, within the sampled retina has consistently been twice as high compared to that of psychophysical measurements (He, Marcos, & Burns, 1999) . Gorrand and Delori analyzed the distribution of reflected light at the pupil plane to determine photoreceptor alignment (Gorrand & Delori, 1995) . This approach was further developed by Burns, Wu, Delori, and Elsner (1995) to image the full pupil plane distribution for a single entrance pupil position.
Another objective technique of measuring the OSCE function is through in vivo imaging of the retinal surface. Delint et al. used a custom-built scanning laser ophthalmoscope (SLO) to measure the fundus reflectance as a function of entrance pupil position (Delint, Berendschot, & vanNorren, 1997) . Rativa and Vohnsen used the same imaging modality this time with adaptive optics (AO) to measure the angular tuning of individual cones (Rativa & Vohnsen, 2011) . The OSCE can also be exploited to optimize the quality of cone images taken with a non-AO-SLO (Vohnsen, Iglesias, & Artal, 2004 ). An AO-OCT system has been used to measure the directional properties of various retinal layers (Gao, Cense, Zhang, Jonnal, & Miller, 2008) .
In 2002, Roorda and Williams used an AO-flood illuminated fundus camera to measure individual cone pointing and angular tuning on two control subjects at 1°in the nasal retina (Roorda & Williams, 2002) . Their results confirmed that the disarray in the pointing direction of individual cones was very small, as suggested by previous histological studies and showed that the angular tuning properties of an ensemble of cones is essentially the same as that of an individual cone.
In this study, the method of Roorda and Williams was employed to measure both cone pointing direction in the pupil and the degree of disarray in the alignment within the sampled retina on a single cone basis in 6 eyes of four control human subjects at eight retinal locations, so that the point of convergence could be investigated. The data was fitted with a generalized 2D elliptical Gaussian function. Psychophysical SCE-I measurements based on the method described by Choi et al. (2003) were also taken on two of the four subjects to validate the AO based OSCE measurements. The directionality of individual cones and cone ensembles are discussed and compared to published literature.
Methods

Subjects and imaging locations
Four control subjects (N1, N2, N3 and N4) with an age range of 21-42 years were recruited. All had a corrected Snellen acuity of 20/15, with refractive errors not exceeding ±2.75 D sphere and À0.75 D cylinder. Subject details are provided in Table 1 . All four subjects were tested at 8 retinal locations in their right eye, namely 2°and 4°in the temporal retina (TR), nasal (NR), superior (SR) and inferior (IR). For subjects, N1 and N2, the same 8 retinal locations were also imaged in the left eye. The presence of abnormal ocular media and retinal disease was ruled out by a conventional eye exam, including slit lamp examination and ophthalmoscopy. Subjects were dilated with one drop of 1% tropicamide and one drop of 2.5% phenylephrine prior to AO imaging. A bitebar was used during imaging to minimize head motion. The tenets of the Declaration of Helsinki were observed and the protocol was approved by the Institutional Review Board of The Ohio State University (OSU). Written informed consent was obtained after all procedures were fully explained to the subjects and prior to any experimental measurements.
Adaptive optics fundus camera
The angular tuning properties of cones were measured using the AO-flood illuminated fundus camera at the OSU College of Optometry. Its primary characteristics have been reported previously (Headington, Choi, Nickla, & Doble, 2011) , but several modifications were required for the work described here. Fig. 1 shows the layout with three primary changes: (i) an extra camera was added to the AO corrected path to constantly monitor the pupil position, (ii) the imaging light source was changed from a Hg-Xe arc-lamp to an SLD source (680 ± 20 nm) coupled into a multimode fiber (125 lm core diameter). The fiber output was collimated before being incident onto a motorized moving pupil (MP) aperture. The MP was used to control both the size and position of the incident imaging beam onto the entrance pupil of the eye. The collimated beam diameter at the MP plane was large enough to allow for testing anywhere within a 4 mm diameter entrance pupil at the eye. The beam diameter was 1.6 mm at the eye with a 0.5°fi eld of view at the retina. The uniformity of the illumination profile was verified using a CCD camera mounted in the retinal plane of a model eye. The SLD light source allowed for faster imaging at $60 Hz. Finally, (iii) the Hg-Xe arc-lamp was repurposed as a bleaching source introduced into the system via a motorized flip mirror. This source also provided the 4°diameter background field (k = 680 ± 10 nm using an interference filter) for the psychophysical testing. For this measurement, the flip mirror was replaced by a 50:50 pellicle beam-splitter and the existing SLD source and shutter provided a flickering stimulus at 2 Hz of the same wavelength, 680 nm (0.5°in diameter).
OSCE measurement procedure
The amount of light reflected by a cone is directly dependent on the light coupled into it. Therefore, measuring the intensity of the reflected light as a function of entrance pupil position gives a direct and objective measure of the directional properties of individual cones. To measure the acceptance angle of each cone, the MP was translated through 19 different locations arranged in a hexagonal pattern. The exact locations are given in Figs. 3 and 4. The intensity of the light in the pupil plane for each MP position was used to create a normalization factor for the light reflected from each cone.
The MP positions were randomized and for each location, 4 sets of 10 retinal images were acquired in approximately 15 s. Prior to imaging, the retina was bleached to ensure that at least 90% of the photopigments were disassociated (Rushton & Henry, 1968) . A 2°r etinal area was bleached with 550 nm light (4.6 Â 10 6 Trolandsecs) centered at the imaging location. Three to four pupil plane locations could be imaged per bleach. In addition to the retinal images, the pupil conjugate camera acquired images continuously at 1 Hz to measure any displacement of pupil position from the reference (i.e., central position) during imaging. The offset could then be applied in post processing to adjust the nominal 19 entry pupil positions. Required offsets were generally small, ranging from 0 to 0.3 mm across subjects. The OSCE determination followed the same procedure as described by Walker, Blanco, Kivlin, Choi, and Doble (2015) and is only described briefly here. For one retinal location, the images where cones are easily visualized at each of the 19 entrance pupil locations were registered together. The 19 registered images were then themselves registered together to identify the common area, so that the resulting 19 shifted images had the same features at exactly the same pixel coordinates. An image with good contrast was chosen as a reference and individual cones were automatically identified using a custom MATLAB routine that only included cones above a threshold brightness Table 1 Details on the 4 human control subjects. All subjects were imaged at a total of 8 retinal locations (2°nasal retina (NR), temporal (TR), superior (SR) and inferior (IR) and 4°NR, TR, SR, IR). For subjects N1 and N2, both eyes were tested. Subjects N1 and N3 also underwent psychophysical SCE-I measurements, 2°TR for subject N1 and 2°T R and 4°TR for subject N3. Fig. 1. AO flood illuminated fundus camera schematic. The system has been modified (shown in gray) from that described previously (Headington et al., 2011) . A pupil conjugate camera was added to the path immediately after the eye. The imaging light source was changed to a SLD (680 ± 20 nm) coupled into a multimode fiber. The output was collimated before being incident onto a motorized MP iris. The MP iris was set to provide a 1.6 mm beam at the eye and could be translated anywhere within the 4 mm window. The field of view at the retina was 0.5°($150 lm). The Hg-Xe arc-lamp was introduced into the system via a motorized flip mirror that was used for bleaching immediately before imaging. This source also provided the background illumination for the psychophysical SCE-I measurement, in which case, the flip mirror was replaced by a 50:50 beam splitter with the existing SLD imaging source providing the matching flickering stimulus. RP -retinal plane, PP -pupil plane, L -achromatic lens, M -plane mirror, BS -beam splitter.
and were at least 25 pixels from the edge of the image. The position of the center of each cone in all 19 images was identified and the average intensity was measured for each cone over a 3 Â 3 pixel box located at the center of each cone.
Estimation of cone pointing and angular tuning
2.3.1. Measurement on a single cone A two dimensional Gaussian function was fitted to the average intensity of a particular cone at each of the 19 entrance pupil locations (Walker et al., 2015) . For each cone, the location of the Gaussian peak (x 0 , y 0 ) was taken to be the cone pointing in the pupil plane and its width in x and y (r x , r y ) was a measure of effective angular tuning of the photoreceptor, i.e., how dependent its sensitivity is with respect to the angle of incident light. The lower the r, the higher the effective angular tuning. The angular tuning, r in mm is also expressed as cone directionality, q, in mm À2 , which is traditionally measured in studies of the SCE-I.
The relationship between r and q is q = 0.434/( 2r 2 ) (Roorda & Williams, 2002) (q x , q y ) was determined for each cone.
Extension to the ensemble
The disarray, (std x , std y ), is defined as the standard deviation of the distribution of the individual cone pupil plane intercepts (x 0 , y 0 ) at the same retinal location. The absolute cone pointing of the ensemble ( x 0 , y 0 ) is the mean of the (x 0 , y 0 ). The angular tuning of the ensemble ( r x , r y ) is the mean of individual cone (r x , r y ) and the cone directionality of the ensemble ( q x , q y ) is calculated from ( r x , r y ).
Psychophysical SCE-I measurements
The SCE-I measurement was performed psychophysically at 2°T R on subject N1 and at 2°TR and 4°TR on subject N3 through a minor modification to the existing AO-fundus camera. The increment threshold SCE-I measurement technique as described by Enoch (1963) and others (Choi et al., 2003) was employed.
The Hg-Xe arc lamp generated a 4°constant background sent through the center of subject's pupil. The 0.5°stimulus beam of the same wavelength (using the fiber coupled SLD imaging source), flickering at 2 Hz, was separately translated across the pupil using 7 locations on each of the horizontal and vertical meridians evenly spaced over a ±1.92 mm range. The intensity of the stimulus beam was modified by the operator using a continuously variable neutral density filter mounted on a motorized stage. For each entrance position of the stimulus beam, 10 threshold measurements were taken approaching from both ascending and descending directions to minimize any directional bias. The subject notified the operator when the intensity of the flickering stimulus beam 'just disappeared' or 'just reappeared' on the background field depending on the direction of the applied intensity variation. The two extreme measurements were discarded and the remaining 8 measurements were averaged to give the threshold value.
A 1D Gaussian function was fitted to the 8 average threshold values separately along the horizontal and vertical meridians to determine the SCE-I peak position at the subject's pupil plane and its spread, r -Eq. (1):
where, I is the sensitivity function, I 0 is the sensitivity function amplitude, x 0 is the sensitivity function peak coordinate (y 0 for the vertical meridian), r is the spread of the sensitivity function,
i.e., a measure of the tuning of the photoreceptors, and I bg is a sensitivity function offset.
Results
OSCE measurements
An example of the two dimensional Gaussian function fitted to the intensity of a single cone at the 19 entrance pupil locations is shown in Fig. 2 . Measured intensities are shown by circles and the Gaussian fit by the 3D mesh. The quality of the fit, R 2 , was 0.63. The cone pointing in the pupil plane was taken to be the peak of the Gaussian, in this case (x 0 , y 0 ) = (0.33, À0.68) mm, and the angular tuning of the cone (r x , r y ) = (1.18, 2.14) mm or equivalently (q x , q y ) = (0.16, 0.05) mm À2 implying that the reflected light is more directional on the horizontal meridian.
The cone mosaic at 2°TR for each of the 19 different entrance pupil locations in the right eye (RE) of subject N1 are shown in Fig. 3A . Co-registered images were cropped to 100 Â 100 lm after processing so that the same retinal region is displayed in each image and all are displayed using the same intensity range. The cone images acquired with a nasally displaced imaging beam show higher intensity and contrast, indicative of a nasal bias in the OSCE function. Upon identifying the cones, the individual pointing direction at the pupil plane was calculated using the Gaussian fit. Fig. 3B and C shows the absolute and relative pointing direction (after subtracting the mean) respectively of the 141 identified cones. This is the number of cones identified by the inclusion criteria (Section 2.2.1), less the cones that lie outside two standard deviations from the mean (approximately 5% of the total cones). The direction of the arrows indicates the cone pointing while the length of the line shows the deviation from the pupil center. The red scale bar is 20 lm in the retinal images and the blue scale bar denotes 2 mm of deviation from the pupil center. Fig. 3D is the scatter plot of the absolute cone pointing direction in the pupil plane. The pointing of each cone in the pupil plane is represented by a blue dot. The outer circle is the 6 mm pupil size used in the experiments; the inner circle diameter is 3 mm. Fig. 3E is the mean Gaussian fit to the pupil intercepts of the 141 cones. The mean ± standard deviation of the horizontal and vertical pointing direction ( x 0 , y 0 ) in the pupil plane was (0.61 ± 0.16, 0.10 ± 0.26) mm and the angular tuning of the cone ensemble ( r x , r y ) was (1.30 ± 0.17, 1.93 ± 0.19) mm, corresponding to ( q x , q y ) values of (0.13 ± 0.02, 0.06 ± 0.01) mm
À2
. As Fig. 3D shows, the cone disarray within the sampled area, (std x , std y ), was small (0.16, 0.26) mm. (r x , r y ) = (1.18, 2.14) mm, (q x , q y ) = (0.16, 0.05) mm À2 and R 2 is 0.63. The number of cones used in the analysis is indicated above the images. The red scale bar is 20 lm in the retinal images and the blue scale bar denotes 2 mm of deviation from the pupil center. (C and G) Scatter plot of the absolute cone pointing in the pupil plane (outer circle denotes the 6 mm pupil diameter) and (D and H) the mean Gaussian fit to the reflected intensity from the ensemble of cones (circle denotes the 6 mm pupil diameter). For each RE and LE pair of scatter and Gaussian plots: superior is up, inferior is down, nasal is in the middle and temporal is on either side, as shown in (C) 4°TR RE, LE. Below each set of four images, ( x0, y0), ( qx, qy) and h, the rotation angle of the x 0 y 0 coordinates of the Gaussian fit with respect to the xy co-ordinates of the subjects pupil, for cone ensembles are given. The ( x0, y0) peak position and the cone disarray for each retinal location varied. Cone directionality of the cone ensemble was found to be anisotropic in general, and varied with retinal location. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 6 . Equivalent plots for the right (RE) and left (LE) eye of subject N2. As in subject N1, the peak position ( x0, y0) and the cone disarray for each retinal location varied. Cone directionality of the cone ensemble was also found to be anisotropic in general, and varied with retinal location.
The cone directionality (q x , q y ) varied on a cone-by-cone basis within the range of 0.09-0.23 mm À2 in x and 0.05-0.07 mm À2 in y.
The equivalent plots for the left eye (LE) of subject N1 at 2°TR are shown in Fig. 4 . The cone disarray was small, as found for the right eye. Pointing of the ensemble was bilaterally symmetric along the horizontal meridian. A small superior bias of 0.66 mm was noted in the left eye. Cone directionality again varied on a cone-by-cone basis, but within a larger range of 0.08-0.34 mm À2 in x and 0.10-0.24 mm À2 in y.
The absolute and relative cone pointing, the pupil plane intercepts and the mean Gaussian fit to the ensemble for all retinal locations for the right and left eyes of subject N1 are shown in Fig. 5 . The number of cones identified in each image within two standard deviations of the mean pointing is shown above each image. This ranged from 46 to 169 cones depending on the image quality. Below each RE/LE image pair, the ( x 0 , y 0 ), ( q x , q y ) and the angle, h, the rotation angle of the x 0 y 0 co-ordinates of the Gaussian fit with respect to the xy co-ordinates of the subjects pupil is given. The peak position, ( x 0 , y 0 ), and the cone disarray for each retinal location varied: the horizontal displacement of peak position ranged from 0.25 mm in the temporal and 0.88 mm in the nasal direction from the pupil center in 7 retinal locations with an exception at 4°T R where the peak position was markedly displaced by 1.46 mm in the nasal direction in the RE. The vertical displacement of peak position ranged from 0.66 mm in the inferior to 0.93 mm in the superior direction for all 8 retinal locations. Angular tuning of the cone ensemble was found to be anisotropic in general, and varied with retinal location. For all four 4°retinal locations, the average ( q x , q y ) values were (0.09 ± 0.03, 0.12 ± 0.03) mm À2 in the RE and (0.11 ± 0.04, 0.14 ± 0.04) mm À2 in the LE as opposed to the average ( q x , q y ) values of (0.18 ± 0.06, 0.10 ± 0.02) mm
in the RE and (0.13 ± 0.04, 0.15 ± 0.04) mm À2 in the LE from all 2°r etinal locations. Fig. 6 shows the equivalent data for both eyes of subject N2. Again, some variability in the mean peak positions ( x 0 , y 0 ) and in the pointing direction existed in both eyes for different retinal locations. A nasal bias in the peak position was evident in both eyes at all retinal locations with the range being between 0.63 mm and 1.69 mm from the pupil center. The vertical displacement of peak position from the pupil center ranged from 0.55 mm inferior to 0.85 mm superior. Generally, the cone pointing was bilaterally symmetric for each retinal location and the variation of the q values followed the same trend as in subject N1. Fig. 7 . (A and C) Scatter plot of the absolute cone pointing in the pupil plane for subject N3 in RE and subject N4 in RE and (B and D) the mean Gaussian fit to the reflected intensity from the ensemble of cones. Nasal is on the right, temporal is on the left, superior is up and inferior is down, as shown for 4°TR, subject N3.
Pupil intercepts and the mean Gaussian fits for the right eyes of subjects N3 and N4 are shown in Fig. 7 . Similar ranges in the spread and absolute values of peak positions of the OSCE function were found in these eyes as in subjects N1 and N2. The variation in peak position for all retinal locations ranged from 1.05 mm to 1.87 mm nasal for subject N3 and from 0.06 mm temporal to 0.50 mm nasal for subject N4 along the horizontal meridian. The range of the vertical displacement of the peak position was from 0.17 mm superior to 0.31 mm inferior for subject N3 and from 0.09 superior to 1.07 mm inferior for subject N4. Cone directionality was again anisotropic and varied between retinal locations. Similar to subjects N1 and N2, both subjects N3 and N4 showed higher ( q x , q y ) values at 2°retinal eccentricity than at 4°. The mean ( q x , q y ) value for all the 4°retinal locations was (0.10 ± 0.03, 0.07 ± 0.02) mm À2 for subject N3 and (0.10 ± 0.04, 0.11 ± 0.03) mm À2 for subject N4. At the 2°retinal locations, the values were (0.13 ± 0.04, 0.10 ± 0.04) mm À2 for subject N3 and (0.22 ± 0.04, 0.12 ± 0.02) mm À2 for subject N4. Fig. 8 shows the pupil plane intercepts for all retinal locations for all subjects. The width and height of the ellipses are two standard deviations and are centered on the mean. The outer circle is the 6 mm exit pupil. For subject N2, the symmetry between the left and right eyes is clearly apparent. The effective angular tuning of the cone ensemble (r eff,x , r eff,y ) is ðr eff;x ; r eff;y Þ ¼ meanð r x ; r y Þ þ range ofð x 0 ; y 0 Þ ð 2Þ
and (q eff,x , q eff,y ) was calculated using (r eff,x , r eff,y ). ( std x , std y ), averaged over all retinal locations and eyes was (0.30, 0.26) mm. Despite some variations in peak positions and directionality, all subjects showed that cones, irrespective of retinal locations, pointed towards a localized area at the pupil plane which confirms the anterior pointing hypothesis for the alignment in the parafoveal region and bilateral symmetry for two of the subjects.
Psychophysical SCE-I measurements
Peak position of the SCE-I function at 2°TR in the right eye of subject N1, and at 2°and 4°TR in subject N3 are compared to the pointing of the ensembles of cones measured by the OSCE method in Table 2 . The peak position ( x 0 , y 0 ) measurement was similar between the two methods. However, there were some variations in the cone directionality between the two methods. The OSCE q values in the horizontal meridian were either greater or the same as the SCE-I q values. The q values in the vertical meridian did not show a trend. The expected 2-fold increase in q value for the reflectometric approach in comparison to the psychophysical measurements was not observed.
Discussion
Angular tuning properties of cones were measured at eight retinal locations in six eyes of 4 control subjects with an objective approach utilizing an AO imaging system. The OSCE method has been previously described by Roorda and Williams (2002) who examined two control subjects at one retinal location, 1°NR. The work presented here varies in several aspects, firstly multiple retinal locations were imaged in each eye and in two subjects the fellow eye was also imaged. Secondly, retinal images were acquired for 19 pupil locations instead of 7 and finally, the reflected intensity as a function of pupil position was fit to a 2D anisotropic Gaussian function. Results were compared with a traditional psychophysical measurement approach on a sub-set of the four subjects.
Several observations were noted: (i) the effective tuning for an individual cone was best described by an anisotropic Gaussian fit, (ii) for each retinal location, cone disarray was small with all cones pointing to a localized region of the pupil, (iii) the position of this Fig. 8 . The mean cone pointing and the corresponding Gaussian averaged for all 8 retinal locations for both eyes of subjects N1 and N2 and the right eyes of subjects N3 and N4. The width and height of the ellipses are two standard deviations and are centered on the mean value. The outer circle is the 6 mm exit pupil diameter.
Table 2
Peak position and q values of the cone ensembles at 2°TR (N1, N3) and 4°TR (N3) in the right eye from the OSCE and psychophysical SCE-I measurements.
Subject
Location Method x 0 (mm) y 0 (mm) region was not dependent on retinal location, (iv) the mean cone pointing ( x 0 , y 0 ), was bilaterally symmetric in subjects N1 and N2, with a slight superior bias in the left eye of subject N1, (v) angular tuning property of cone ensembles, ( r x , r y ), was anisotropic in general and varied with retinal location -cones at the 4°reti-nal locations were less directional than those at 2°retinal locations, and (vi) the expected 2-fold increase in q value for the OSCE approach compared to the psychophysical SCE-I measurement was not observed. Each of these items is discussed in the following sections.
Measurements on individual cones
The cone analyzed in Fig. 2 had an anisotropic response to the incident light -the directionality along the vertical was three times that along the horizontal, (q x , q y ) = (0.16, 0.05) mm À2 . Overall, a range of the cone directionality did exist (see Figs. 5-7) but the cause of the anisotropy is currently unknown. It could arise from different optical properties, for example variation in refractive index along different meridians within a single cone, although this has not been reported in the literature. Cone tilt could cause the circular entrance plane of the cone to appear elliptical to incident light. Subjects with a more displaced SCE-I function might, therefore, be expected to show a larger effect than those with a more central SCE-I function. Analysis for the data presented here did not show such an effect and, furthermore, the 2°and 4°retinal locations did not show a trend in the (q x , q y ) values. Another plausible cause might be that difference in corneal curvature between horizontal and veridical meridians may distort a circular beam entering and exiting the eye especially when it is off axis. This may account for the observed ellipticity in the profile of the incident light.
To analyze the difference of using the isotropic versus anisotropic fit, the cone directionality described in Fig. 2 was re-estimated using an isotropic fit. The peak of the Gaussian, (x 0 , y 0 ) became (0.21, À0.41) mm, compared to (0.33, À0.68) mm with an anisotropic fit. The angular tuning increased slightly to r = 2.18 mm (q = 0.05 mm À2 ) from (q x , q y ) = (0.16, 0.05). This value matches closer to the r y value and is considerably less than the mean of 1.66 mm (q = 0.08 mm À2 ). The quality of the fit, R 2 , was reduced from 0.63 to 0.52.
The effect of using 7 (Roorda and Williams) rather than the 19 pupil locations used in this study was investigated by reanalyzing the cone directionality shown in Fig. 2 using the cone intensities measured at the 7 pupil positions that most closely matched that of Roorda and Williams and was fitted with an isotropic Gaussian function. The pupil intercept (x 0 , y 0 ) became (0.22, À0.42) mm which is closer to the pupil center and q = 0.05 mm À2 was less directional. The tuning property of individual cones was found to be more accurately fitted with an anisotropic Gaussian than with an isotropic fit.
In this work, significant deviation in the pointing of cones close to blood vessels was not observed -Figs. 3(B, C) and 4(B, C) as compared to the report by Roorda and Williams. They used green light (550 nm) which is more readily absorbed by hemoglobin than the red light (680 nm) used here and may account for the effect they observed. Pallikaris et al. measured the OSCE with the MP method and 680 nm imaging light, and found negligible change in a cone's pointing direction despite a large variation in the cones' reflectance (Pallikaris, Williams, & Hofer, 2003) , which is in agreement with the result of this study.
Cone pointing and disarray
Variation in absolute cone pointing between subjects was observed, in agreement with reported results (Burns et al., 1995; Roorda & Williams, 2002) . Roorda and Williams found the cone pointing of both subjects had a nasal bias ranging from 0.1 to 1.4 mm from the pupil center. Marcos and Burns (1999) measured the OSCE in nine subjects using a reflectometric technique, where one subject had a slight temporal bias but the other eight had a nasal bias ranging from 0 to 2 mm. A similar nasal bias was shown in psychophysical measurements of the SCE-I (Choi et al., 2003) .
The mean ( x 0 , y 0 ) of subject N1 was (0.42 ± 0.21, À0.21 ± 0.18) mm in the RE and (0.43 ± 0.29, 0.54 ± 0.26) mm in the LE and that of subject N2 in the RE was (1.05 ± 0.28, 0.28 ± 0.30) mm and in the LE was (1.25 ± 0.42, À0.05 ± 0.35) mm. So, the same nasal trend was shown for both eyes of subjects N1 and N2, demonstrating a bilateral symmetry. A slight superior bias was found in the LE of subject N1. In both subjects, the cone pointing was bilaterally symmetric about the superior-inferior meridian.
Furthermore, the position of cone pointing in the pupil plane was not found to be dependent on the retinal location -observe the overlaying of the standard deviation ellipses shown in Fig. 8 . Linear regression of the cone position versus retinal location produced slopes close to zero demonstrating the lack of dependence on retinal location. Hence the conclusion that cones in the parafoveal region converge towards the pupillary aperture near the center, confirming the anterior pointing hypothesis for the cone alignment (Enoch, 1963) . Table 2 shows the agreement between the OSCE estimation of cone pointing ( x 0 , y 0 ) and the psychophysical testing at all three retinal locations tested on the two subjects. The correspondence between cone pointing measured by reflectometry and psychophysical studies has been reported previously (He et al., 1999) . The comparison is often made at the fovea, e.g., Delint et al. (1997) . Unfortunately, the AO system used in this study did not have sufficient lateral resolution to image foveal cones, hence imaging was carried out at 2°and 4°eccentricity from the fovea along the horizontal and vertical meridians.
The range of the cone disarray was similar in all retinal locations. The average cone disarray (mean of the cone disarrays given in Figs. 5-7) was (0.30, 0.26) mm, much smaller than the angular tuning property, ( r x ; r y ) of (1.38 ± 0.3, 1.50 ± 0.3) mm, demonstrating a small disarray in cone pointing as shown previously (Burns, Wu, He, & Elsner, 1997; Macleod, 1974; Roorda & Williams, 2002) . MacLeod did not find a large directionally selective adaptation in the retina and suggested that the cones must be aligned with great precision. The standard deviation of the pupil intercept position (0.32 mm) was reported as a measure of cone disarray, but this is not the equivalent to the cone disarray defined here. Roorda and Williams reported a value of 0.17 mm at 1°NR; in this study, the average disarray ( std x , std y ) at 2°NR (the closest retinal location to that explored by Roorda and Williams) was (0.27, 0.26) mm, which is a little larger. From Section 4.1, fitting an isotropic Gaussian to the reflected intensity from 7 pupil locations caused the cone pointing to move to the center of the pupil. Extending this analysis with 7 pupil locations to the cone ensemble, the cone disarray was reduced from 0.19 mm to 0.14 mm for subject N1 in the RE. So, limiting the number of pupil positions and using an isotropic Gaussian caused reduction of the cone disarray and this may explain the smaller cone disarray observed by Roorda and Williams. Although intersubject variation cannot be discounted, the range of variation in disarray was small (0.1-0.5 mm) in all subjects which agrees with previous findings by Roorda and Williams.
Angular tuning
Anisotropic fit
The OSCE estimation of cone directionality was in good agreement with the results of psychophysical testing ( (Roorda & Williams, 2002) and the value of 0.11 mm À2 at 1.5°SR (Rativa & Vohnsen, 2011) , are slightly lower than the values reported here. Again, taking the 2°NR data of subject N1 in the right eye, and re-analyzing the retinal images with 7 pupil positions fitted to an isotropic Gaussian, the cone directionality ( q x , q y ) reduced from (0.24, 0.10) mm À2 to 0.10 mm
So, using an isotropic fit may underestimate the directionality of cone ensembles.
Dependence on retinal eccentricity
Cone directionality expressed as ( q x , q y ) or q (isotropic fit) and for retinal eccentricities from 4°TR to 4°NR (A) and 4°IR to 4°SR (B) from this study and the literature are shown in Fig. 9 . Psychophysical measurements (red), reflectometric measurements (green) and OSCE on a cone-by-cone basis (blue) are shown. The dependence of the OSCE and SCE-I function on retinal eccentricity is clearly demonstrated. Rativa and Vohnsen (2011) used a SLO and a MP method to measure the cone directionality of individual Fig. 9 . Angular tuning expressed as ( qx, qy) or q (isotropic fit) and for retinal eccentricities from 4°TR to 4°NR (A) and 4°IR to 4°SR (B) from this study and the literature.
Psychophysical measurements are shown in red, reflectometric measurements in green and OSCE on a cone-by-cone basis are shown in blue. The values given for Atchison and Scott (2002) , VanBlokland (1986) and Delint et al. (1997) are mean values averaged over subjects and/or repeat measurements. All other values are taken directly from the literature. The overall trend in this study is that the directionality of cone ensembles decreases from 2°to 4°retinal location. Note: data points at the fovea, 0°have been artificially separated along the x-axis for clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
cones from the fovea to 20°SR. They found an increase in q value of 0.06-0.38 mm À2 with the increase being most pronounced from the fovea to 2.5°SR. Choi et al. (2003) measured the SCE-I psychophysically in 55 subjects along the horizontal meridian in 5°i ncrements from 15°TR to 10°NR finding that cone directionality was lowest at the fovea, and increased in the peripheral eccentricities. The authors did not investigate retinal locations between the fovea and 2.5°. Delint et al. (1997) measured the OSCE function in both horizontal and vertical retina extending out to 4°from the fovea at 32 retinal locations in 0.25°increments in nine subjects.
They reported the lowest q value at the fovea, which increased symmetrically out to 1.5°and then reduced with increasing retinal eccentricity. Burns et al. (1997) also measured the OSCE function at various retinal locations and found that the width of angular tuning changes rapidly from the fovea to 1°retinal eccentricity and then remained relatively constant from 1°to 3°retinal locations, both nasally and temporally. Enoch and Hope (1973) reported an almost 2-fold increase in q value (from 0.05 to 0.09 mm À2 ) at 3.75°TR compared to foveal cones using psychophysical measurements and their measurements at 2°and 3.75°were also in good agreement with the 2°and 4°TR measurements in this study.
The overall trend in this study is that the cone directionality of ensembles decreases from 2°to 4°- Fig. 9 . Williams accounted for this decrease by considering refraction of light at the sloping edges of the fovea pit (Williams, 1980) . The author asserted that this slope was too great for the phototropic re-alignment of the photoreceptors to compensate.
Psychophysical versus reflectometry methods
As previously mentioned, the expected 2-fold increase in q value for the OSCE approach compared to the psychophysical SCE-I measurement was not observed. A review of the magnitude of the q values given in Fig. 9 reveals that cone directionality is typically greater when assessed by reflectometry than through psychophysical measurements. Prieto, McLellan, and Burns (2005) demonstrated lower q values with single pass (as in psychophysical) measurements compared to double pass (typical OSCE techniques) measurements, highlighting significant differences with experimental protocols. However, the q values reported in this study, by Rativa and Vohnsen and also by Roorda and Williams agree well at the fovea and out to 4°retinal eccentricity, and agree with psychophysically determined q values reported by Enoch and Hope (1973) . Further investigation is required to examine other factors that may account for this difference. OSCE and SCE-I measurements using 680 nm light agree well with other reports at the same wavelength, irrespective of the method used.
The wavelength of the light may be a significant factor contributing to the value of q and requires further investigation.
Summary
Results from the OSCE measurements using the MP method are in good agreement with psychophysical measurements and have demonstrated small disarray in the pointing direction of individual cones. In two subjects tested, cone pointing was bilaterally symmetric with a slight superior bias in one subject. For all six eyes, cone pointing was not dependent on retinal eccentricity (2°vs. 4°) in accordance to the anterior pointing hypothesis. In most cases, the Gaussian OSCE function was not isotropic but was instead elongated along the vertical meridian. Using a more generalized anisotropic 2D Gaussian function better describes the measured angular tuning properties of individual cones. The cones at 4°e ccentricity in both meridians were found to be less directional than those at 2°retinal locations.
